This article reviews our current understanding of the uptake of fatty acids by the enterocytes of the intestine. The micellar solubilization of fatty acids by bile salts and the factors regulating that process are discussed. The mechanism of how micellar solubilization of fatty acids promotes the uptake of fatty acids by enterocytes and their relative importance is reviewed. Additionally, discussion of the various fatty acid transporters located at the brush border membrane of the enterocytes is included. Finally, a summary of our current understanding of the function of fatty-acid-binding proteins inside enterocytes is provided.
Micellar solubilization of fatty acids by bile salt
Dietary fat, defined in simple terms, is that part of the diet that can be extracted by organic solvents. Dietary fat is composed of an array of compounds, from the highly nonpolar hydrocarbons to the highly polar phospholipids and glycolipids. Fatty acids in the intestinal lumen are derived from the digestion of triacylglycerols, phospholipids and cholesteryl esters. Fatty acids in the intestinal lumen exist both as monomers in solution or as part of the bile salt micelles. Since fatty acids are only sparingly soluble in water, the concentration of non-esterified fatty acid monomers in the aqueous medium is low, in the 10 µM range. In contrast, the concentration of fatty acids in the bile salt micellar solution can reach concentrations in the range of 10 mM. Thus the micellar solublization of fatty acids by bile salts greatly increases the concentration of fatty acids in the aqueous medium of the intestinal lumen.
Uptake of fatty acids from bile salt micelles
Although the solubilization of lipophilic molecules by bile salts has been known for a long time, the importance of micellar solubization of fatty acids by bile salts for intestinal lipid absorption was not fully appreciated until Hofmann and Borgstrom's well-designed study on human intestinal fat absorption was published [1] . They demonstrated that the uptake of fatty acids by the intestine is dependent on the micellar concentration of the fatty acids in the aqueous phase of the lumen. Work by Hoffman and Simmonds [2] advanced this important observation and demonstrated that while micellar solubilization greatly facilitated the uptake of fatty acids, this does not occur by the uptake of the entire micelle by the enterocytes, but rather when the lipophilic components (such as fatty acids and monoacylglycerol molecules) are taken up by the enterocytes. This concept is supported by the finding that fatty acids are taken up by the enterocytes at a lower rate than the monoacylglycerols; this will not be the case if the whole micelle is taken up by the enterocyte [3, 4] . Evidence supporting this concept further is the finding that in human Caco-2 cells (a model for enterocytes), the uptake of fatty acids and monoacylglycerols compete with each other [5] .
Factors affecting the solubilization of fatty acids by bile salt micelles
Since micellar solubilization plays such an important role in the uptake of fatty acids, it is important to consider the factors that affect the incorporation of fatty acids into micelles. The pH of the medium plays a critical role, as fatty acids can exist both in the non-ionized as well as the ionized form. At neutral or alkaline pH, most of the fatty acids exist in the ionized form. The ionized fatty acids are incorporated into the bile salt micelles much more efficiently than the non-ionized fatty acids [6] . Temperature also plays an important role. For instance, with a series of straight-chain saturated monoacylglycerols, there is a temperature at which the solubility of each monoacylglycerol for incorporation into micelles increases dramatically. When this particular temperature is plotted against the chain length of the monoacylglycerol, it forms a line that runs parallel to and below the melting point of each corresponding monoacylglycerol [7] . Since the mono-and polyunsaturated fatty acids have lower melting points than the saturated fatty acids, their incorporation into bile salt micelles is much better than that of the saturated fatty acids. Saturated fatty acids are not as well absorbed by the small intestine since they are not as well solubilized in bile salt micelles as the unsaturated fatty acids.
Why is micellar solubilization so important for intestinal fatty acid uptake?
This question was answered by the experiments conducted by Dietschy and his colleagues [8] [9] [10] . These investigators found that the brush-border membrane of enterocytes is separated from the bulk aqueous phase in the intestinal lumen by an unstirred fluid layer. This unstirred water layer is poorly mixed with the bulk phase in the intestinal lumen. Consequently, solute molecules in the bulk phase can only gain access to the brush-border membrane by first diffusing across the unstirred water layer. For any molecule, the rate of uptake by the small intestine will be dependent on the number of molecules that are in close proximity to the brushborder membrane and therefore are available for uptake by the brush-border membrane. Because the solubility of fatty acids in the aqueous medium is extremely low, very few molecules will gain access to the brush-border membrane. In contrast, micellar solubilization greatly enhances the number of molecules that are available for uptake by the enterocytes. Despite the lower diffusive rate (due to size) of the micelle relative to the monomolecular fatty acid molecule, the net effect of micellar solubilization still results in a marked enhancement of diffusion of fatty acid molecules across the unstirred water layer. As a result, micellar solubilization, the aqueous concentration of fatty acids next to the enterocytes, is increased dramatically.
The importance of micellar solubilization in fat absorption was challenged by Carey and his colleagues who demonstrated that during fat absorption, in addition to the presence of fatty acid monomers in solution as well as in bile salt micelles, there is also the presence of vesicles in the intestinal lumen which contain both lipids and bile salts [11] . The vesicles are particularly abundant when the concentration of bile salts in the lumen is low while the amount of lipid digestion products in the lumen is high. They argued that the vesicles could participate in the delivery of fatty acid for uptake by the enterocytes; this is supported by the fact that patients with ileal disease have very low bile salt concentration in the intestinal lumen [12] . However, there has not yet been an experiment specially designed to determine the relative importance of uptake of fatty acids by the enterocytes from micelles compared with the vesicles. We believe that while micelles are certainly the predominant vehicle used to faciliate the uptake of fatty acids by the small intestine during normal fat absorption, the role of vesicles as vehicles to deliver fatty acids to the enterocytes can become more important if there are fewer micelles around (e.g. in the case of low concentrations of bile salts). With regard to other lipidsoluble molecules such as cholesterol, micelles seem to be the predominant vehicle delivering them to the enterocytes.
Uptake of fatty acids by enterocytes: passive or transporter-mediated?
There has long been controversy as to whether fatty acids are taken up by the enterocytes passively or actively via specific transporters. One of the earlier studies to address this question was carried out by Strauss [13] . Using intestinal sacs, he demonstrated that uptake of fatty acid from micellar solution occurred at 0
• C, followed by resynthesis to triacylglycerol, with the appearance of fat droplets in the apical vesicles and in the endoplasmic reticulum when the intestinal sacs were incubated at 37
• C. His data implied that the uptake step occurred passively at 0
• C while the resynthesis progressed efficiently at 37
• C. The fact that fatty acids may be taken up by the enterocyte via a carrier-mediated process was further supported by a study conducted by Chow and Hollander [14] in which they demonstrated that linoleate uptake by the small intestine observes a concentrationdependent dual mechanism of transport. At very low linoleate concentration (µM), it is taken up via a carrier-dependent process. At higher concentrations of linoleate (mM), it is taken up predominantly by passive diffusion. It would be useful and interesting to determine if a similar uptake mechanism also operates for other fatty acids. This is a significant study but its importance does not seem to be fully appreciated by investigators in the field.
Work by Stremmel et al. [15] has introduced the idea that fatty acids may be taken up by enterocytes by carriermediated processes. Stremmel et al. [15] found that this transport protein is capable of transporting fatty acids. Treating a jejunal loop with an antibody against this protein significantly reduced fatty acid uptake by the loop. It was further demonstrated [15] that this protein is present mainly in the apical and lateral areas (in the region of the tight junction) of the villus as well as the crypt. The findings of Stremmel and colleagues are highly suggestive of the presence of a plausible candidate transporter for fatty acids. However, the importance of this transporter in the uptake of fatty acids by the enterocytes has been questioned because (1) it was later found that this transporter is similar to the mitochondrial glutamic oxaloacetic transaminase, which is not involved in lipid absorption [16] , and (2) the crypt cells express this protein, which are not involved in fat absorption.
Another transporter that has been suggested to play a role in intestinal fatty acid uptake is CD36 (also called fatty acid translocase) [17] . CD36 is expressed in the intestine and is localized mainly in the apical membrane of the intestinal villus cells. However, a recent paper by Goudriann et al. [18] showed that intestinal lipid absorption is not affected in CD36-knockout mice. The knockout mice absorbed triacylglycerol and fatty acid as well as the wild-type animals. Although there is strong evidence that CD36 plays an important role in the uptake of fatty acids by the adipose tissue, muscle and heart, its role in the modulation of the uptake of fatty acids by the small intestine remains obscure [19] .
Another fatty acid transporter that has attracted considerable attention in the last few years is intestinal FATP4 (fatty acid transporter protein 4), a member of the fatty acid transport protein family [20] . This protein is expressed in significant levels at the apical membrane of the enterocytes [20] . Evidence supporting its role in fatty acid uptake is (1) overexpression of FATP4 in HEK-293 cells enhanced the uptake of long-chain fatty acids, and (2) reducing the FATP4 expression in primary enterocytes by antisense oligonucleotides significantly reduced fatty acid uptake. However, its precise role in the uptake of fatty acids by the small intestine in vivo is still unclear, particularly in view of recent findings from the laboratory of Stremmel et al. [21, 22] . First they demonstrated that FATP4 could function as an acyl-CoA synthetase with substrate preference for the very-long-chain fatty acids [21] . When the FATP4 cDNA was incorporated into COS1 cells, this resulted in a 2-fold increase in palmitoyl-CoA synthetase and a 5-fold increase in lignoceroyl-CoA synthetase activity. Secondly, in a recent paper, Herrmann et al. [22] reported that the deletion of the expression of FATP4 is associated with a neonatally lethal restrictive dermopathy. In an independent study [23] , Moulson and colleagues reported that FATP4 is actively involved in the development of skin and hair, thus also supporting the finding of Herrmann et al. [22] . Whether FATP4 may perform the function of both a transporter as well as an enzyme is yet to be determined.
Despite a number of papers published on the subject and the efforts of many laboratories, we have not come any closer to addressing the issue of whether there are specific fatty acid transporters located in the brush-border membrane to take up fatty acids into enterocytes. Hamilton et al. [24] believed that the uptake of fatty acids by diffusion across plasma membranes occurs quickly and that there appears little need for the presence of transporters to facilitate their uptake. We believe that both schools of thought are probably correct, depending on the concentration of fatty acids used in the study. When the concentration is low, the active component (involving transporters) is the major component responsible for the uptake of fatty acids by the enterocytes. However, when the luminal fatty acid concentration is high, the majority of fatty acids are taken up by the enterocytes passively. This argument is aetiologically reasonable as fatty acids, especially the essential fatty acids (such as linoleic acid, arachidonic acid, eicosapentaenoic acid and docosahexaenoic acid), are important for maintaining normal physiological functions in the body, as it would be detrimental if there were insufficient amounts of these essential fatty acids present in the body. Thus if the supply of fatty acids is low, then our body wants to make sure that they are not lost in the absorptive process. Furthermore, one might also speculate that these transporters may take up fatty acids as part of the sensing mechanism for fatty acids, or specific fatty acids, in the gastrointestinal tract.
Intestinal FABPs (fatty-acid-binding proteins)
To date, we do not know how the various absorbed lipids migrate from the site of absorption to the endoplasmic reticulum where biosynthesis of complex lipids takes place. FABPs have been implicated in this action, but it is not well understood how this happens. Three FABPs have been identified in the gastrointestinal tract and these are the I-FABP [25] , L-FABP [26] (where I is intestinal and L is liver) and the ileal lipid-binding protein [27] . For the purpose of this review, the discussion will be mostly focused on I-FABP and L-FABP, since fat absorption takes place mostly in the duodenum and the jejunum, and ileal lipid-binding protein is expressed only in the ileum and colon. Using immunohistochemistry, Shields et al. [28] have demonstrated that there is no difference in the distributions of I-FABP and L-FABP in the gastrointestinal tract. Both binding proteins are more abundant in the proximal than the distal intestine, more abundant in the villus cells than in the crypt cells, and the staining is cytoplasmic. Furthermore, consumption of a high-fat diet induces the expression of FABPs in the smallintestinal mucosa [29] . The distribution of these FABPs and the physiological regulation of these proteins by high-fat diet would support the hypothesis put forward by Ockner that the FABPs are instrumental in the intracellular transport of the absorbed fatty acid [29, 30] . However, there are differences between these two FABPs. Firstly, they differ in their binding specificity. I-FABP binds strongly to fatty acids, but L-FABP will bind not only long-chain fatty acids but also lysophosphatidylcholine, retinoids, bilirubin, carcinogens and even selenium [31] [32] [33] . Secondly, using fluorescent AOFA (anthroyloxy fatty acid analogues), Thumser and Storch [34] demonstrated that these fluorescent fatty acid analogues are transferred from phospholipid vesicles to L-FABP or to I-FABP by different mechanisms. For L-FABP, they are transferred mostly by a diffusive process. In contrast, the data for I-FABP suggest that a transient collisional interaction of I-FABP with the phospholipid membrane occurs during AOFA extraction from the vesicles by the protein.
To test the importance of I-FABP for intestinal fat absorption, I-FABP was deleted in the mouse, but the mouse still absorbed lipids efficiently. However, these data have to be interpreted carefully since it is possible that other binding proteins may take over when I-FABP is absent. As yet, there are no L-FABP-knockout animals available for physiological studies. When these animals become available, it would be an interesting endeavour to determine the effect of a double knockout (I-FABP and L-FABP) on intestinal fat absorption.
